Expression of selected known photoreceptor-specific genes as measured by SAGE. Tag totals have been normalized to 55,000. Abbreviations are as follows: hypo, hypothalamus; E12.5, embryonic day 12.5 whole retina; P0.5, postnatal day 0.5 whole retina; and ONL, microdissected adult outer nuclear layer. A complete list of known photoreceptor-enriched genes with tag abundance levels is found in the supplementary data.
embryonic day 12.5 (E12.5) to postnatal day 6.5 (P6.5), Comparison of data from total retina and ONL libraries allowed ready identification of rod-and inner retinapostnatal day 10.5 crx Ϫ/Ϫ and crx ϩ/ϩ littermates, adult retina, and microdissected outer nuclear layer (ONL), specific transcripts. Adult mouse retina comprises roughly 70% rods, while the ONL of the retina comprises which comprises the cell bodies of rod and cone photoreceptors. A total of 50,000-60,000 SAGE tags were 97% rods and 3% cones. We saw that rod-enriched genes showed roughly equal or slightly higher expressequenced from each library. In addition, a publicly available SAGE library from mouse 3T3 fibroblast cells sion in the ONL when compared to whole retina ( Figure  1A ). The few cases where slightly lower tag abundances was used in the analysis. A full description of tag abundance levels in the nonretinal libraries and the libraries were seen in the ONL for known rod-specific genes are likely due to sampling variability, since very few of these from later retinal time points (P10.5 crx ϩ/ϩ , crx Ϫ/Ϫ , adult retina, ONL) is shown in the supplementary data. P10.5 appeared to be significant (p Ͻ 0.005) by Monte Carlo analysis (data not shown). In contrast, genes expressed was chosen for analysis of the crx Ϫ/Ϫ mice because no retinal degeneration or secondary morphological selectively in inner retina were either absent from the ONL library or present at much reduced levels (Figure changes were seen when compared to littermates at this time (Furukawa et al., 1997). The percentage of tags 1B). The low levels of some inner retina-specific genes present in the ONL library likely represent small amounts present at Ͼ0.01% which could not be reliably assigned an identity was low, varying from 4% in the P10.5 crx Ϫ/Ϫ of contaminating inner retinal tissue. and P10.5 crx ϩ/ϩ libraries to 12% in the ONL library (see Supplemental Table S2 ).
Many Uncharacterized Genes Are Differentially Expressed in crx ؉/؉ and crx Ϫ/Ϫ Retina We previously used microarray analysis to determine SAGE Analysis Accurately Identifies Known RodEnriched and Inner Retina-Specific Genes that many of the genes with lower expression levels in the crx Ϫ/Ϫ retina were rod-specific. We expanded our We found that virtually all previously characterized rodenriched genes were highly expressed in our data set search for Crx-dependent genes using SAGE. Comparison of tag levels in the P10.5 crx Ϫ/Ϫ and the retinas of (Table 1 and Supplemental Table S3 ). In some cases, no SAGE tags corresponding to a specific gene were crx ϩ/ϩ littermates revealed that 9.4% of tags were more highly expressed in either the crx ϩ/ϩ or crx Ϫ/Ϫ at p Ͻ observed in the adult retina or ONL libraries. Usually, this appears to be due to the fact that no mouse clone 0.001, while 11.8% differed at p Ͻ 0.005 (Table 2) . Functional categories of genes more frequently seen as havcovering the 3Ј end of the gene has yet been identified (e.g., CDH23, CRBL1) (Retnet, http://www.sph.uth.tmc. ing reduced expression in the crx Ϫ/Ϫ when compared to genes upregulated in the crx Ϫ/Ϫ retina include known edu/RetNet/). The great majority of previously identified rod-enriched genes were present at Ͼ0.02% of total phototransduction components (8.8% versus 0% of genes), cytoskeletal components (6.6% versus 2.3%), mRNA. Rhodopsin represented 2.1% of all mRNA in the whole retina, a figure that agrees well with measurements and tags that did not correspond to any known gene (10.9% versus 2.3%). Categories of genes seen as more of absolute mRNA levels in rat (Treisman et al., 1988). were not detected at all, 9% represented genes for which a mouse ortholog could not be detected. Applying these criteria to the remaining tags, we found a total of 1119 tags present at Ͼ0.01% in the ONL library, 1999; Livesey et al., 2000). We tested both previously of which 574 met at least two of the four criteria, and characterized and unstudied transcripts, including tran-207 met at least three of the four (see Supplemental scripts that showed higher, lower, or unchanged expres- Table S7 ). We tested the expression pattern of every sion in the crx Ϫ/Ϫ animals ( Table 3) . We found that mRNA gene for which a probe could be obtained which met at levels as measured by SAGE correlated well with levels least three of the four criteria. We also tested a number measured by Northern blots, and correlated more of genes which met only two of the four criteria (as well closely with Northern blot levels than did cDNA microaras a limited number of genes that met one of the four ray analysis using these same RNA samples (Livesey et criteria or which fell below the 0.01% mRNA abundance al., 2000). cutoff in the ONL) but which showed high expression levels, strong Crx dependence, high ONL enrichment, Criteria for Selection of Candidate Rod or encoded genes of unknown function. The list of all Photoreceptor-Enriched Genes 1119 tags is shown in Supplemental Table S8 . Our goal was to find the genes expressed exclusively, or nearly so, in rod photoreceptors in an efficient manVerification of SAGE Data via In Situ Hybridization ner. To achieve this, we first performed a preliminary We examined 396 different candidate rod-enriched analysis of our SAGE data to learn the features of known genes via in situ hybridization. We tested adult retina, rod photoreceptor-specific genes so that we could E16 embryos, and a series of postnatal day 0-7 brains. search for these same features among the larger set of We scored genes as false positives if no signal was tags. In addition, to reduce the role of sampling variabilobserved in retina, if expression was observed in all ity that is inherent in statistical measurements of gene retinal cells, or if another major cell type in the retina expression like SAGE and to allow ready detection of showed markedly higher expression than did rods. expression via in situ hybridization, we restricted the By these criteria, 91% of the genes tested that met search to genes present at Ͼ0.01% in the ONL library.
at least three out of the four main criteria (see SuppleSince we observed certain tags that appeared only in mental Table S6 ) were confirmed as true positives. A libraries that had undergone more than 30 cycles of high rate of true positives was also observed for genes amplification, (S.B. and C.L.C., unpublished data), as corresponding to tags meeting two of the four criteria, was the case with the ONL library, we considered in our and more than half of the genes tested that met only analysis only tags that appeared at least once in the one of the four criteria were confirmed as true positives. adult retina or P10.5 crx ϩ/ϩ retinas, which had been However, these last two figures are likely to be overamplified only 28 cycles.
statements of the fraction of true positives among the Analysis of the expression of tags known to be roduntested genes as these genes, unlike those meeting enriched (Table 1 and Supplemental Table S3 ) revealed at least three of the four criteria, were preselected for four features. First, the number of tags in either the analysis on the basis of other criteria (high Crx dependence, high expression levels, etc.). hypothalamus or 3T3 libraries was less than two. This We found that 264 of these genes showed rodsometimes seen. Roughly one-third of rod-enriched genes showed little or no expression outside the retina enriched expression within the retina. Analysis of the expression patterns of the genes tested revealed con-(see Supplemental Table S9 ). False positives show up both as panretinally expressed genes and as inner retsiderable heterogeneity, both within the ONL and throughout the rest of the retina. In addition to expresina-enriched genes (Figure 2 ). sion throughout the ONL, we saw many mRNAs showing targeting to the inner segments of the photoreceptors Genes Identified as Selectively Expressed in Rod Photoreceptors (Figure 2 ), which has been observed for mRNAs encoding proteins targeted to the inner and outer segments of The functional breakdown of the genes selectively expressed in rods is shown in Figure 3 . We saw a broad rods (Bruhn and Cepko, 1996) . In one case, we observed expression of a transcript restricted to what appears to spectrum of functional categories of rod-enriched genes (see Figure 3 legend for selected examples and Supplebe a subset of both rods and bipolars, a new pattern. We found that roughly half of all genes tested showed mental Table S10 Table S9 ). Most frequently a rod and bipolar pattern was observed, though factors and coactivators, such as ERR␤2, Sox11, and All, which showed strong enrichment in rods. We observed rod and amacrine or rod and Muller glia patterns were Tables  S11 and S12 for a full list of genes and human orthologs). We saw several genes involved in purine metabolism and many genes involved in lipid synthesis or transport.
To assess the degree to which our list of candidates could accurately identify retinal disease genes, we retroThese may reflect the requirements for high levels of cGMP synthesis (Dizhoor, 2000) and for generation of spectively analyzed all the novel retinal disease loci first the membrane discs of the rod outer segment. We saw identified within the last three years, using as our starting a number of novel genes with homology to protein glycopoint the map intervals defined in the last published syltransferases. Unexpectedly, many proteins involved report prior to the cloning of those genes (see Supplein ubiquitination and proteolytic degradation were obmental Table S13 ). Out of a total of 22 disease genes served. Futhermore, a broad range of uncharacterized first identified by positional cloning, 11 genes met at genes with putative cytoskeletal function, perhaps inleast three out of four of our selection criteria and/or volved in the structure of the outer segment, was obwere shown by in situ hybridization to be rod-enriched. served. Two small GTPases, one of which (Arl3) is a A total of six retinal disease genes that were not themlikely interaction partner of RGPR, the gene mutated in selves identified as rod-enriched also had rod-enriched X linked RP (Linari et al., 1999), were observed. We saw genes identified in this study residing within their interseveral uncharacterized cadherins along with several vals. Both true and false positives had a median of three ECM components. We also saw a number of proteins rod-enriched genes within the disease interval. Thus, 11 associated with synaptic transmission, which may acout of 17 retinal diseases whose map intervals contained count for some of the unusual properties of photorecepcandidate rod-enriched genes did in fact result from tor ribbon synapses (von Gersdorff, 2001). We observed mutation of a rod-enriched gene. several genes involved in mismatch repair, the catalytic In addition to the 22 positionally cloned loci discussed subunit of dsRNA adenosine deaminase, and one gene above, a total of eight retinal disease genes have been encoding a novel IAP. Finally, we observed 74 genes identified in the last three years by association studies for which no putative function could be assigned or in which a large number of often unrelated probands which represent ESTs for which no coding sequence are screened for mutations in a candidate gene (Clarke could be obtained.
et al., 2000; Rattner et al., 1999). Of the four rod-enriched genes previously shown to be mutated in association studies, all were detected as rod-enriched by our data Identification of Candidate Retinal Disease Genes
We identified putative human orthologs for 237 of the (see Supplemental Table S13 ).
To estimate how availability of the list of rod-enriched in situ verified rod-enriched clones identified in mouse. Of these 237, a total of 86 mapped to chromosomal genes might aid analysis of candidate genes in a disease interval, we determined the total number of known and the still-unidentified retinal disease genes will involve predicted genes within the interval and divided that by mutations in genes we identify here. Indeed, 86 genes the number of candidate genes in the interval. We perin this data set lie within chromosomal intervals mapped formed this analysis both for the 37 mapped but unto Mendelian retinal disease. Focusing on these genes cloned retinal disease loci for which candidate genes represents a 30-to 100-fold reduction in the number were identified and for the 11 rod-enriched disease of genes that might be considered within the mapped genes.
interval, which should greatly accelerate the identificaAfter multiplying our results by 0.65 to compensate for tion of many of these genes. Moreover, many of the the observed rate of false positives in the retrospective other genes we have identified may prove to be mutated analysis (see Supplemental Table S13 ), we see that usin different photoreceptor diseases via association studing the list of candidate genes reduces by 30-to 40-ies in the absence of linkage data, as has been the fold the number of known genes that might be considcase for many rod-enriched genes. The list of autosomal ered within the interval and reduces the number of all recessive Mendelian retinal disease loci is unlikely to predicted genes by over 100-fold (Table 4 clude a variety of cytoskeletal components and several cadherins, suggesting that these genes may play a role in the establishment or maintenance of cell polarity.
Biology of Newly Identified Rod-Enriched Genes
Unexpectedly, this set included many genes, such as Aside from any disease-related concerns, the set of rod-HMG-17 and Hzf, that encode nucleic acid binding proenriched genes presented here gives many unexpected teins, possibly suggesting a role for these genes in apical insights into photoreceptor biology and suggests many targeting of mRNAs (Bruhn and Cepko, 1996) . The large avenues for future experimental work. While the molecunumber of genes expressed in both rods and bipolar lar machinery of phototransduction is very well studied, cells suggests that some of these genes may mediate it is possible that some of the genes of unknown function some of the functional properties of ribbon synapses. that show very high photoreceptor specificity may yet Table S15 . libraries, for which 5 g of total RNA was used, and the microdissected outer nuclear layer library, for which retinas from two different individuals were used. The ditags were generated by the use of 6 ngϪ/Ϫ ; 52,016 for P10. 
